Abstract. Coral bleaching is a stress-related response that can be triggered by elevated sea surface temperatures (SST). Recent increases in the frequency of coral bleaching have led to concerns that increases in marine temperatures may threaten entire coral reef regions. We report exponential increases in the geographical extent and intensity of coral bleaching in the Caribbean with increasing SST anomalies. A rise in regional SST of 0.1ЊC results in 35% and 42% increases in the geographic extent and intensity of coral bleaching, respectively. Maximum bleaching extent and intensity are predicted to occur at regional SST anomalies of less than ϩ1ЊC, which coincides with the most conservative projections for warming in the Caribbean by the end of the 21st century. Coral bleaching is therefore likely to become a chronic source of stress for Caribbean reefs in the near future.
INTRODUCTION
Coral bleaching, the whitening of corals due to loss of symbiotic algae and/or their pigments (see Plate 1), is a response that can be triggered by a variety of stressors acting at local scales. These stressors include solar radiation, salinity shock, sedimentation, disease, and temperature increases (Brown 1997) . Much recent research has focused on the latter, in part because the frequency and geographic extent of coral bleaching events appears to have increased since the early 1980s Hayes 1994, Goreau et al. 2000) , concomitant with a global rise in sea surface temperatures (SST; Strong 1989) . This potential direct link between anomalously high temperatures and coral bleaching (Hoegh-Guldberg 1999 , Hughes et al. 2003 , West and Salm 2003 ; but see Atwood et al. 1992 ) raises concerns that rising sea temperatures, driven by global climate change, could cause an increase in the frequency and severity of coral bleaching events, compounding the effects of localized anthropogenic stressors that already affect coral reefs (Hoegh-Guldberg 1999 , Reaser et al. 2000 , Hughes et al. 2003 .
Laboratory studies have unequivocally demonstrated that elevated seawater temperatures can trigger coral bleaching (e.g., Hoegh-Guldberg and Smith 1989, Glynn and D'Croz 1990) , which suggests the existence of bleaching temperature thresholds. Subsequent field studies of the link between high SSTs and the onset of Morgan. 4 Corresponding author. E-mail: i.cote@uea.ac.uk bleaching have confirmed that the two often coincide (e.g., Cook et al. 1990 , Smith 2001 ). However, bleaching temperature thresholds, if they exist, appear to be highly variable. For example, Brown (1997) reported that bleaching in Thailand and Tahiti was observed only when SST exceeded the seasonal maximum. Goreau et al. (1993) found that at seven Caribbean sites, bleaching appeared to take place only when temperature was 1ЊC above the long-term average for the warmest month. Hoegh-Guldberg (1999) reported thermal thresholds for seven sites around the world, but these thresholds differed among sites (28.3Њ-30.2ЊC). Applications of the concept of thermal thresholds in predictive models of bleaching onset sometimes incorporate an element of time that reflects cumulative heat stress. For example, Gleeson and Strong (1995) developed ''degree heating weeks'' indices for Bermuda, Belize, Jamaica, and Tahiti based on cumulative positive temperature anomalies. Similarly, Berkelmans (2002) incorporated cumulative thermal stress in the development of predictive bleaching curves for several sites on the Great Barrier Reef. In addition, Winter et al. (1998) showed that three temperature-related threshold indices (maximum daily SST, number of days Ͼ 29.5ЊC, and number of days Ͼ 30ЊC) were equally well related to the onset of past bleaching events in Puerto Rico.
While the threshold approach may be useful for predicting the localized onset of coral bleaching, there may be several drawbacks to its use. For example, thresholds may not be comparable between methods using different data sets (Mumby et al. 2001) sites with different coral species compositions if responses vary between species (Hoegh-Guldberg and Salvat 1995, Baird and Marshall 2002) . Thermal thresholds also do not take into account other climatic variables that may influence bleaching (e.g., cloud influence on radiative stress) (Mumby et al. 2001) . Invariably, the thresholds reported are specific to individual countries or reefs within countries. Furthermore, thresholds may predict the onset of bleaching, but not its intensity or geographic extent.
To our knowledge, no regional-scale empirical studies exist of the relationship between temperature and the spatial extent and intensity of bleaching (defined here as the proportion of coral colonies bleached at a given location) in the field beyond any bleaching threshold. The existence of thermal thresholds might imply a step function in coral bleaching, but the relationship between bleaching extent or intensity and temperature might be expected to be more gradual. It is known, for example, that the geographic extent of bleaching within a region can vary greatly among bleaching events (Reaser et al. 2000 , Hughes et al. 2003 . The intensity of bleaching can also vary among sites within the same year (CARICOMP 1997) and among years at the same site (Winter et al. 1998 , Mumby et al. 2001 ). This variability is not consistent with the idea of a simple step function, but the exact nature of the relationship between variation in bleaching event characteristics and temperature is unknown. Uncovering such a relationship could allow predictions of the extent and intensity of bleaching events on a regional scale. It may also allow the rigorous and quantitative definition of terms such as ''mild'' or ''mass'' bleaching which are often used qualitatively in regional assessments (Glynn 1993 , Westmacott et al. 2000 .
Given the concerns that rising sea temperatures threaten entire reef regions (e.g., Hoegh-Guldberg 1999, Reaser et al. 2000) , it is important to assess coral bleaching quantitatively and at larger spatial scales than individual reefs or countries. In this paper, we therefore examine the relationships between yearly temperature anomalies and the geographic extent and intensity of coral bleaching on a Caribbean-wide scale over two decades. Although nonclimatic sources of stress (e.g., disease, overfishing, and pollution) have been relatively more important than coral bleaching in causing the recent decline of live coral cover on Caribbean reefs (Gardner et al. 2003 , Bellwood et al. 2004 , increases in sea surface temperatures are widely perceived as a serious future threat for reefs (HoeghGuldberg 1999 , Reaser et al. 2000 , Gardner et al. 2003 . Our results suggest that episodic bleaching events could become a chronic source of stress for Caribbean reefs in the near future.
METHODS
We collated reports of bleaching occurring on Caribbean coral reefs between 1983 and 2000 from published literature, email correspondence and internet sources. We noted the time (month, year) and location of bleaching and, if quantified, bleaching intensity. Years that were referred to in the literature as ''mass bleaching'' or ''severe bleaching'' events for the region were also recorded. The most commonly quantified measure of bleaching intensity was the proportion of coral colonies in an area that was affected by bleaching; hence, we use this parameter as our quantitative measure of bleaching intensity. The main bleaching period in the Caribbean occurs during the summer (Strong et al. 1997 , Goreau et al. 2000 , specifically from August to October (Fig. 1) . We therefore focused exclusively on these months; any reports suggesting bleaching from causes unrelated to temperature were excluded (e.g., bleaching at Snake Keys, Belize, in 1997 was probably caused by low salinity stress; Wilkinson 2000) .
In an attempt to reduce temporal and spatial biases generated by intensively studied sites, we divided the Caribbean basin into 1Њ latitude/longitude cells containing coral reefs (92 cells in total). Bleaching reports were allocated to a cell depending on their location. Each cell was allowed a maximum of one value per year.
We used two estimates of regional bleaching severity: (1) bleaching extent and (2) and calculating the area over which bleached cells were distributed using minimum convex polygons (ArcView, ESRI, Redlands, California, USA; Covex Hulls, Jenness Enterprises, Flagstaff, Arizona, USA). A minimum of three bleached cells was required to generate a polygon. Regional bleaching intensity was calculated by averaging multiple values (percentage of colonies bleached), first within individual cells, and then using cells across the region to produce one intensity value per year.
We obtained sea surface temperature anomalies from the MOHSST6 (UK Met Office Historical Sea Surface Temperature; Parker et al. 1995 ) data set, which provides in situ monthly SST anomalies globally for 5Њ latitude/longitude cells from 1856 to the present. These anomalies are relative to monthly means for the period of 1961 to 1990. SST anomalies were taken from 15 cells covering the Caribbean for the months of August, September, and October, and averaged to provide a single Caribbean summer mean SST anomaly for each year. MOHSST6 data have been previously used elsewhere to demonstrate that high temperatures coincide with coral bleaching (Brown 1997 , Spencer et al. 2000 .
Data for the number of cells bleached and the mean percentage of colonies bleached were log 10 transformed to generate linear relationships with temperature. All bleaching reports used in this study are summarized in Appendices A and B. RESULTS ''Increasing SST anomalies'' are used here to refer to increasingly positive temperature anomalies. Summer (August-October) SST anomalies increased from 1983 to 2000 (r 2 ϭ 0.34, n ϭ 18, P ϭ 0.012) with the maximum anomaly occurring in 1998 (ϩ0.72ЊC) and the minimum in 1984 (Ϫ0.51ЊC), relative to the 1961-1990 base period.
The number of 1Њ cells in which bleaching was recorded each year increased logarithmically with SST anomalies (Fig. 2) . Thus, a 0.1ЊC rise in regional SST produced a 35% increase in the number of cells reporting bleaching. Those years that were reported in the literature as mass bleaching events occurred at regional SST anomalies of 0.2ЊC and above.
The area encompassing bleaching reports increased linearly with summer SST anomalies (Fig. 3) . Those years that were reported in the literature as mass bleaching events encompassed an area from ϳ1.5 ϫ 10 6 km 2 in 1990 to ϳ3.8 ϫ 10 6 km 2 in 1998, which covered the entire area studied in this paper.
Data on bleaching intensity were only available for eight years, demonstrating the paucity of quantitative records. Despite the small sample size, a strong logarithmic relationship was evident between the mean percentage of coral colonies affected by bleaching and regional SST anomalies (Fig. 4) . This relationship indicates that a 0.1ЊC rise in SST anomaly produces a 42% increase in the mean percentage of coral colonies bleached.
The number of cells in which bleaching was recorded and mean percent bleaching intensity (both log 10 transformed) were strongly positively correlated (r ϭ 0.89, n ϭ 8, P ϭ 0.003). The number of cells in which bleaching was recorded, and the (log 10 -transformed) area over which bleaching reports were distributed, were also strongly positively correlated (r ϭ 0.93, n ϭ 11, P Ͻ 0.001). mean percentage of coral colonies affected by bleaching. The clear regional link between temperature and bleaching offers a tool to help define quantitatively episodes of mass bleaching, as well as predict the severity of future bleaching events. Future assessments would also need to take account of whether coral was lost completely from any of the cells, although given their size this seems unlikely in the near future.
It is important to remember that the associations reported here between coral bleaching and SST anomalies do not represent direct physiological relationships because the SST data were averaged over the entire Caribbean region. These regional temperatures therefore do not reflect the actual temperatures that were experienced at localities where corals bleached. Instead, small increments in regional SST anomalies may simply indicate an increasing number of local temperature hotspots across the region. For example, an increase in regional anomaly of 0.1ЊC may represent local increases of 1ЊC in approximately 32 1Њ cells, i.e., about 10% of ocean cells in the Caribbean.
Our results indicate that as regional sea temperatures increase in the Caribbean, coral bleaching is reported in more cells (Fig. 2) and over a larger area (Fig. 3) . The highest data point in Fig. 3 , which relates to 1998, is probably close to the maximum area over which bleaching can occur because bleaching in that year was reported along all edges of the Caribbean basin. This near-maximum area was achieved with 44 cells reporting bleaching, i.e., only 48% of the total number of cells containing coral reefs in the Caribbean. Thus, SSTs higher than those experienced in 1998 are not likely to increase significantly the overall area affected by bleaching, although the number of affected cells is likely to rise until all Caribbean cells have reported bleaching in a year. However, the latter scenario is unlikely because local factors (e.g., cloud cover) can act to reduce the stress caused by high temperatures, thus causing patchiness in bleaching (Mumby et al. 2001) .
We also found a higher proportion of bleached coral colonies in years of higher temperature anomalies (Fig.  4) . Although the intensity of bleaching does not directly reflect coral mortality, particularly in the Caribbean (e.g., Glynn 1983 , Goreau et al. 2000 , Aronson et al. 2002 , it may be a useful indicator of stress because several sublethal effects are associated with bleaching. These effects range from reduced coral growth (Goreau and Macfarlane 1990) and reproduction (Szmant and Gassman 1990) to increased susceptibility to disease (Mitchelmore et al. 2002) , all of which can add to other sources of stress to increase rates of coral decline (Hoegh-Guldberg 1999 , Gardner et al. 2005 . Reported intensities of bleaching may have been affected by the timing of surveys since the percentage of colonies affected by bleaching will differ between the onset, peak and recovery periods (CARICOMP 1997) . However, it is not clear to us that the timing of reporting should be biased in relation to sea surface temperature.
Despite the growing amount of work conducted on coral bleaching, there is still no standard quantitative measure of bleaching severity (Glynn 1993 , Westmacott et al. 2000 . Mass bleaching typically refers to a geographically widespread bleaching event, a term that has been applied to individual countries (e.g., Mumby et al. 2001) and to reef regions (e.g., Wilkinson 1998) . For the Caribbean basin, four years (1987, 1990, 1995, and 1998) have been described in the literature as being ''mass,'' ''severe,'' or ''widespread'' bleaching events (e.g., Williams et al. 1987 , Holden 1995 , Wilkinson 1998 , Goreau et al. 2000 . Our results suggest that these qualitative descriptions correspond empirically to bleaching of widespread regional extent (i.e., Ն10 cells reporting bleaching, Fig. 2 ) and high intensity (i.e., Ͼ20% colonies bleached, Fig. 4) . However, qualitative assessments of bleaching have failed to identify 1999 as a year of ''mass'' bleaching, despite the fact that REGIONAL SEVERITY OF CORAL BLEACHING Reports the extent of bleaching in 1999 was greater than all other years, except for 1998 (Figs. 2 and 3) . Note, however, that the average proportion of coral colonies bleached in 1999 was lower than expected given the SST anomaly and lower than for other mass-bleaching years (Fig. 4) . It is possible that this widespread, but low-intensity event went largely unnoticed because of the attention focused on the globally unprecedented bleaching events of the previous year (Wilkinson 1998 (Wilkinson , 2000 . This oversight reinforces the need for an objective means for assessing the severity of coral bleaching events.
The Caribbean Basin is expected to experience continued warming in the future, but the magnitude of this temperature increase is uncertain (Wigley and Santer 1993) . For example, with a doubling of CO 2 , SSTs may rise by 1-2ЊC by 2100 (Intergovernmental Panel on Climate Change [IPCC] 1998, McClean and Tysban 2001) . Alternative estimates forecast a rise of 1-3ЊC between the early 1990s and 2040-2060 (Wigley and Santer 1993) . Our regression models predict maximum bleaching extent (i.e., 100% of coral-bearing cells) and maximum bleaching intensity (100% of coral colonies) when regional SST anomalies reach 0.97-0.98ЊC and 0.80-0.85ЊC, respectively. These estimates of 100% bleaching extent and intensity are slightly below the most conservative forecasted temperature increases, suggesting that coral bleaching could become a chronic source of stress throughout the entire Caribbean by the end of the 21st century. Although coral species may adapt to a warmer climate (Baker et al. 2004 , Rowan 2004 , the rate of adaptation may be outpaced by the rate of environmental change (Hughes et al. 2003) . The increasing frequency of coral bleaching events, both in the Caribbean and elsewhere in the world, suggests that this may already be the case.
